Background. To examine the efficacy of valproic acid (VPA) given either with or without levetiracetam (LEV) on seizure control and on survival in patients with glioblastoma multiforme (GBM) treated with chemoradiation. Methods. A retrospective analysis was performed on 291 patients with GBM. The efficacies of VPA and LEV alone and as polytherapy were analyzed in 181 (62%) patients with seizures with a minimum follow-up of 6 months. Cox-regression survival analysis was performed on 165 patients receiving chemoradiation with temozolomide of whom 108 receiving this in combination with VPA for at least 3 months. Results. Monotherapy with either VPA or LEV was instituted in 137/143 (95.8%) and in 59/86 (68.6%) on VPA/ LEV polytherapy as the next regimen. Initial freedom from seizure was achieved in 41/100 (41%) on VPA, in 16/37 (43.3%) on LEV, and in 89/116 (76.7%) on subsequent VPA/LEV polytherapy. At the end of follow-up, seizure freedom was achieved in 77.8% (28/36) on VPA alone, in 25/36 (69.5%) on LEV alone, and in 38/63 (60.3%) on VPA/LEV polytherapy with ongoing seizures on monotherapy. Patients using VPA in combination with temozolomide showed a longer median survival of 69 weeks (95% confidence interval [CI]: 61.7-67.3) compared with 61 weeks (95% CI: 52.5-69.5) in the group without VPA (hazard ratio, 0.63; 95% CI: 0.43-0.92; P ¼ .016), adjusting for age, extent of resection, and O
G lioblastoma multiforme (GBM) is the most frequent primary brain tumor in adults, and radiochemotherapy with temozolomide (TMZ) leads to a median survival of 14 months. 1, 2 This dismal outlook is often aggravated by the presence of epilepsy, occurring in 40% -60% of cases. 3, 4 One difficulty in the management of seizures associated with brain tumors is the development of treatment resistance in 20% -30% of patients. Another issue is to avoid the use of enzyme-inducing anticonvulsants such as carbamazepine and phenytoin in order not to compromise cotreatment with chemotherapeutic agents. 5 Recently, it has been found that combining valproic acid (VPA) with TMZ leads to improved survival of patients with GBM as well as children with brain tumors. 6, 7 This could possibly be explained by the chemotherapy-sensitizing properties of VPA, including the inhibition of histone deacetylase, leading to improved survival. Here, we report on the use of VPA given either with or without levetiracetam (LEV) for seizure control. In addition, we studied the effect of VPA on survival of patients with GBM.
Materials and Methods
The subjects of this retrospective observational study were patients with a histological diagnosis of GBM according to World Health Organization guidelines following biopsy or surgical resection and treatment in the neuro-oncology clinic at the Medical Center Haaglanden in the period July 1999 -September 2011. Patients were studied for the efficacy of anti-epileptic therapy on seizure activity and on survival. Baseline characteristics of patients were collected in a database including specific information on the site of the tumor, date and type of surgery, subsequent antitumor therapy, O 6 -DNA methylguanine-methyltransferase (MGMT) promoter methylation status (from 2008 onward), and survival data. Data on seizure characteristics and the use of and duration of anticonvulsant therapy were collected as well. Epilepsy was defined as the incidence of at least one seizure during the course of disease. As a rule, patients received either VPA or LEV as a first-line anticonvulsant instituted at a maintenance dose of 1000 mg. In case of ongoing seizures, one of these agents was added to the other rather than raising the dose of the initial agent. In case of ongoing seizures on polytherapy with VPA/ LEV, one of these was raised at the time, usually ≤2000 mg for each, and as a rule with the help of therapeutic drug monitoring to estimate the therapeutic window. Rarely were doses higher than 2000 mg given for each agent. Patients referred from elsewhere were occasionally taking other anticonvulsants, whose regimens were left unchanged in cases of seizure control and good tolerability.
Seizure frequency before the start of anticonvulsant therapy and following each change in type of antiepileptic drug (AED) use was recorded. Efficacy of AED therapy was studied in patients who had a minimum follow-up period of 6 months; follow-up was censored in April 2012.
Following biopsy or surgical resection, the first-line antitumor treatment was radiation therapy with concomitant and adjuvant TMZ. Before 2005, a total of 34 patients participated in the European Organisation for Research and Treatment of Cancer (EORTC) Brain Tumour and Radiotherapy Group trial on concomitant and adjuvant TMZ, and these patients were also included in the study of Weller et al. 1, 2, 7 Patients .70 years old or with Karnofsky performance scores of ≤60 received radiotherapy alone. 1 As antitumor therapy, radiation with TMZ was given if they met the inclusion criteria of the schedule designed by the EORTC Brain Tumour and Radiotherapy Group, and they received this schedule as standard treatment for GBM following publication of this schedule. 1 After 2010, patients without MGMT methylation could participate in trials including TMZ and temsirolimus. Second-line chemotherapy for recurrent glioblastoma consisted of retreatment with TMZ, chemotherapy with procarbazine/CCNU/ vincristine, or combinations of lomustine, bevacizumab, and irinotecan.
For the second analysis on the effect of VPA on survival, we analyzed patients who were treated with concomitant and adjuvant TMZ and received VPA in combination with TMZ. In order to consider the effect meaningful, we required a minimum duration of 3 months of this combination. Other exposure times were analyzed as well. For this part of the study, we compared this group of patients with those patients who had received either none or another anticonvulsant than VPA or had received VPA in combination with TMZ for a period shorter than 3 months. In a subset of our patient group, we reported in 2009 on the efficacy of anticonvulsant therapy in a combined 135 group of patients with low-and highgrade gliomas, including 56 patients with GBM. 3 Here we report on patients with GBM only.
Statistics
Descriptive statistics (SPSS v16.0) were used to define the population and the treatment effect of AEDs on epilepsy frequency. The secondary endpoint was overall survival measured in weeks from diagnosis to death. The minimal follow-up period for survival analysis was 3 months. Patients who were alive at the end of the study were censored in April 2012 or at the day of the last contact. Descriptive statistics were used to define the population of patients, and statistical evaluation was carried out using both a x 2 test and the Mann-Whitney U-test. Univariate descriptive analysis of overall survival was done with Kaplan-Meier estimates. A log-rank test was used to compare overall survival curves. For multivariate analysis of overall survival, we used Cox proportional hazards models to adjust for confounding factors that may alter the therapeutic effect. We adjusted for known independent prognostic factors: age at tumor diagnosis, extent of resection (complete vs incomplete vs biopsy), and MGMT promoter methylation status. Hazard ratios are presented with 95% confidence intervals (CIs).
Results
In a 12-year period, data were collected on 291 patients who had newly diagnosed GBM, of whom 181 (62%) had epilepsy. Patients' characteristics are listed in Table 1 , showing a slight male preponderance (58.1%) and a median age at tumor diagnosis of 60 years. The median period of follow-up was 9 months (range, 0-81). Of 181 patients with epilepsy, 143 had a follow-up of at least 6 months ( Fig. 1) . The median overall survival was 13 months for the whole study group: 14 months in the group with epilepsy and 8 months in the group without epilepsy (P ¼ .016). At the last follow-up, 18 patients were still alive and 33 were lost to follow-up. During the time of the study, 174 patients had shown progression of tumor.
Seizure Characteristics
A total of 123 of 181 patients (68%) developed epilepsy as a presenting sign, and 58 (32%) developed epilepsy later on (Table 1) . Partial seizures occurred in 68 patients (38%), and 74 (40.8%) had partial seizures with secondary generalization. Status epilepticus was observed in 21 patients (11.6%). The most frequently prescribed first AED was VPA, in 100; LEV in 37; and another AED in 8 patients (Table 2 ). During the course of disease, 59 patients (40.7%) needed no alteration in type of AED, excluding adjustments like lowering or increasing the dose. A change in regimen was performed in the remaining 86 patients (59.3%). In 49 patients, LEV was added to VPA because of ongoing seizures (Fig. 2) . VPA was discontinued in 10 (10.2%) out of a total of 98 patients due to diverse adverse effects: depression, weight gain, tremor, psychosis, rash, thrombopenia, hepatic function test abnormalities, or pancreatitis. LEV was given as an alternative in those 10 patients. During the use of LEV, we observed 1 patient with severe fatigue and an allergic reaction, possibly due to interaction with TMZ.
Seizure Control
The treatment efficacies of different AEDs are summarized in Table 2 Of patients who still had ongoing seizure activity at the end of the follow-up period, 7 (16.7%) received VPA alone, 9 (23.1%) LEV alone, and 17 (26.6%) combined VPA/LEV polytherapy. A total of 22 patients (14.9%) received a third AED regimen because of ongoing activity of 2 or more seizures/month. Of these, 18 patients used a combination of VPA/LEV with or without another AED, of whom 7 patients became seizure free, 7 had a seizure frequency of ,1 per month, and 4 had a seizure frequency of .1 per month.
Survival Analysis and Determinants
Of the total group of patients with GBM, 165 received radiation with concomitant and adjuvant TMZ for a minimum period of 3 months. Eight patients in this group showed early progression and died in 3 months. In this group we analyzed whether the use of VPA in combination with TMZ had an effect on survival. One hundred eight patients used VPA in combination with TMZ compared with 57 patients in the group not receiving VPA (ie, no or another anticonvulsant) or treatment with VPA during a shorter period than 3 months (Table 3 ). There were no statistical significant differences between the patient characteristics of these 2 groups, including MGMT promoter methylation status. The median survival of the whole group was 68 weeks. The group using VPA in combination with TMZ during at least 3 months had a significantly longer median survival of 69 weeks (95% CI: 61.7 -67.3), compared with 61 weeks (95% CI: 52.5 -69.5) in the group not using VPA Fig. 3 ), adjusting for age at diagnosis, resection, and MGMT promoter methylation status. The occurrence of early progressive death in any of the 3 groups (receiving TMZ and VPA for 3 months or more; receiving TMZ and VPA for ,3 months; or receiving no AEDs [no seizures]) did not influence the observed differences in survival. As there were only 7 patients who used an enzyme-inducing AED in combination with TMZ, this group was too small to be included for analysis. For progression-free survival, we observed a borderline significant effect with a minimum period of 3 months coexposure of VPA and TMZ (P ¼ .06).
Age at diagnosis was an independent prognostic factor for overall survival (P ¼ .001), while extent of resection and MGMT promoter methylation status were not significant in a multivariate Cox' analysis (Table 4) .
Discussion
This study focused on the efficacy of VPA on seizure control and on survival in patients with GBM. Age (median 60 y), sex distribution (58% males), and survival (median 16 mo) corresponded well with recent data of patients with GBM receiving chemoradiation with The total frequency of seizures we observed was in 62% of patients, which is somewhat higher than reported in 2 earlier, smaller series of patients with GBM, varying between 36% and 60%. 3, 4 Status epilepticus was observed in 21 patients (11.6%).
In principle, the treatment of seizures in patients with brain tumor does not differ essentially from that of other types of partial epilepsy of adult onset provided that enzyme-inducing AEDs are avoided because of possible interactions with chemotherapy. 5 It was our approach to start with either VPA or LEV monotherapy in a lowmaintenance dose followed by early polytherapy with both anticonvulsants in case of ongoing seizure activity. In brain tumor patients, VPA has been observed to contribute to seizure control, 3, 4, 10 and LEV is known for its absence of drug interactions and its good efficacy and tolerability. 11 -14 Possibly, the initial relatively low percentages of seizure freedom on monotherapy are explained by a policy of early polytherapy rather than escalation of the dose of the initial anticonvulsant. At the end of the follow-up period, we observed seizure freedom in 77.8% of patients on VPA alone and 69.5% on LEV alone, corresponding to previous studies of patients with brain tumors. 11 -14 A final percentage of seizure freedom in 76.7% of patients compares favorably with other observations of achieving seizure freedom in patients with partial types of epilepsy. Prospective studies on the effect of sequential trials of anticonvulsants indicate that first-line anticonvulsant therapy results in seizure freedom in 47% -63% of patients and another 13% -26% on a second-line regimen, usually subsequent monotherapy, and that 29%-40% of patients continue to have seizures despite successive treatment attempts. 15 -18 Our approach of initial therapy with either VPA or LEV alone and subsequent VPA/LEV polytherapy may seem to compare favorably with other studies on achieving seizure freedom by applying subsequent monotherapy trials with anticonvulsants. 16 -18 A number of factors may account for this. In most trials on partial epilepsy, at least 2 seizures are required for inclusion, while in our study a single seizure was sufficient. All patients underwent active antitumor treatment, which is known to contribute strongly to seizure control. Although epilepsy in brain tumor is known for its treatment resistance, this holds true mainly for low-grade gliomas, particularly with tumors of the medial temporal lobe, including dysembryoblastic tumors and gangliogliomas of childhood. 19 Nevertheless, our study not only showed the efficacy of anticonvulsants of VPA and LEV as monotherapy, but also showed that combining them resulted in ongoing seizure activity in only 14.9% of the total group of patients with seizures. These observations on the efficacy of anticonvulsant polytherapy may be explained by experimental studies on a synergistic activity of LEV, possibly related to cell-membrane or ion-channel changes associated with the SV2a protein. 20 This seems to be particularly apparent if LEV is combined with AEDs that enhance gamma-aminobutyric acid-ergic activity or reduce glutamergic neurotransmitter activity, like VPA or benzodiazepines. 21, 22 One advantage of synergistic 
cotherapy is that lower total dosages of AEDs are sufficient for a similar or better antiseizure effect. Smaller cumulative doses also imply that the risks of drug toxicity will be reduced, including less risk for cognitive dysfunction. In patients with brain tumors, the presence of seizures and anticonvulsant therapy are each more unfavorably independent factors for neurocognitive functioning than having had previous surgery or radiation therapy. 23 Our study was retrospective and neither took into account the dosages needed to attain these results nor included a formal analysis of cognitive function. We have observed before that by combining VPA and LEV in a relatively low dose of both, good effects on seizure control can be achieved in combination with maintained cognitive function. 13 Earlier reports on LEV have established its good tolerability with respect to cognitive function, including studies of patients with brain tumors. 24, 25 Nevertheless, these impressions need to be substantiated by proper prospective studies.
The use of VPA in patients with GBM has recently drawn attention because of its potential antitumor activity. Based on a post-hoc analysis of data from a prospective trial on the efficacy of chemoradiation in patients with GBM, it appears that the use of VPA in combination with TMZ produces a median gain of 3 months survival compared with use of enzyme-inducing AEDs, the omission of any AED, or use of TMZ alone. 7 In our analysis, we adjusted for age at diagnosis, extent of surgical resection, and MGMT promoter methylation status. We were able to confirm the findings of Weller et al 7 and established a significant median gain of 2 months when both VPA and TMZ were combined for a minimum of 3 months. Possibly, the somewhat shorter survival in our series is explained by the relatively low doses of VPA prescribed. The observed effects of VPA on survival of GBM patients may be explained by the histone deacetylase -inhibiting properties of VPA leading to a stronger acetylation of histone proteins together with less methylation activity on promoter sites of many individual genes, including tumor-suppressor genes with ensuing apoptosis and autophagy of cancer cells, particularly if given together with chemotherapeutic agents. 26, 27 The absence of MGMT expression as a predictive factor is in line with recent findings that enhanced antitumor effects in GBM are associated with valproate-mediated reduced expression of MGMT in TMZ-resistant malignant glioma cell lines. 32 Nevertheless, our results must be interpreted with caution, since ours is a selective and retrospective analysis.
These results on effective seizure control and improved survival in patients with GBM seem to provide an extra argument for applying VPA as a first-line anticonvulsant not only in patients with high-grade gliomas but also in those with low-grade gliomas, particularly when one expects that they may be treated with systemic chemotherapy, particularly TMZ. Nevertheless, VPA should be used with caution given its risk for worsening of thrombocytopenia and other bone marrow toxicities associated with chemotherapy, which can be enhanced by the enzyme-inhibiting properties of VPA. 7, 28 In terms of seizure control, a good alternative AED is LEV, based on efficacy, tolerability, and absence of drug -drug interactions. 12, 29 As seizures in brain tumor patients are known to be often treatment resistant for medical therapy with AEDs, synergistic activity by anticonvulsant combination therapy including LEV may provide an important tool to achieve better seizure control and less risk for neurotoxicity and deserves more study. 20, 30, 31 Recent observations of longer survival for patients with GBM and children with brain tumors receiving both VPA and TMZ are supported by the findings of this analysis. 6, 7 The strength of our study lies in the large number of patients with epilepsy and GBM receiving fairly homogeneous both antiseizure and antitumor therapy. Although these results seem promising, they need further testing in a preferably randomized future study.
